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Abstract. Global atmospheric CO2 measurements are
essential to resolving significant discrepancies in our
understanding of the global carbon budget and, hence,
hnmankind's role in global climate change. The science
measurement requirements for CO_ are extremely demanding
(precision -'0.3%). No atmospheric chemical species has ever
been measured from space with this precision. We are
developing a novel application of a Fabry-Perot
interferometer to detect spectral absorption of reflected

sunlight by CO2 and 02 in the atmosphere. Preliminary design
studies indicate that the method will be able to achieve the

sensitivity and signal-to-noise detection required to measure
column COz at the target specification. The objective of this

program is to construct a prototype instrument for deployment
on an aircraft to test the instrnment performance and our

ability to retrieve the data in the real atmosphere. To date we
have assembled a laboratory bench system to begin testing the

optical and electronic components. We are also measuring
signal and noise levels in actual sunlight to evaluate
component performance.

I. INTRODUCTION

The Earth's climate is changing as a result of hunmn

activity including emission of greenhouse gas chemicals.

Carbon dioxide (CO2) constitutes the largest current and

projected anthropogenic climate forcing [1]. Yet, in spite of

its primary importance in climate forcing and response, large

uncertainties exist in the global carbon budget that must be

resolved before reliable impact predictions and remedial

strategies can be derived. High precision global
measurements of atmospheric CO2 are essential to resolving

these issues [2]. Such measurements are not currently

available. At present, regular measurements are limited to

surface sites, and large areas of the globe are not sampled. We

are developing a remote sensing technique for measuring

atmospheric CO2 that should be precise enough to match the

very slxingent science requirements, but will be reliable, low

cost, and easily deployable enough to enable global satellite
measurement of CO2 on a continuous and extended basis.

The instrument is based on a novel application of a Fabry-

Perot interferometer, which allows multiple CO2 lines to be

sampled simultaneously with a narrow bandpass centered on
each line. This method has significant performance benefits

compared to other potential methods for measuring CO2.

These measurements have the potential to substantially

enhance our understanding of the consequences of Earth

system change and our ability to predict furore changes.

A. Science Measurement Requirements

Carbon budget studies have determined that a substantial
fraction of the emitted CO: cannot be accounted for by the

observed atmospheric increase and calculated uptake by

oceans (e.g., [3]). This discrepancy has led to speculation

about the nature of the "missing sink" for carbon. A widely-

held hypothesis is that the unaccounted CO2 is being taken

up by the northern hemisphere biosphere [4, 5]; however,

there are large uncertainties in the magnitude,

spatial/temporal distribution, and mechanism for this implied

vegetation uptake [6, 7, 8, 9]. This leads to our guiding

science question: What is the global distribution of CO2

sources and sinks on a regional and seasonal basis?

Approaches to solving this problem are currently data-limited

to a large extent [10, 11].

Globally distributed remote sensing CO2 concentration
measurements with sufficiently high precision have the

potential to better constrain CO2 surface sources and sinks

than is possible with existing networks [11]. Although most

CO2 concentration variability related to surface source/sink

forcing occurs in the lower atmosphere (~1000 to 800 mbar),

available sensing technology indicates that total column

measurements are currently much more feasible from space

than altitude profiling approaches. For a column average,

mixing ratio gradients of 1 to 3 ppmv over spatial scales of

about 1000 km are induced by the surface forcing (Fig. 1).

Transport inversion model experiments indicate that global
column measurements with a precision better than 1% (3

ppmv on the 370 ppmv background) on a time scale of 1

month are required to improve surface flux estimates beyond

the capability of the existing network [11]. Thus our
measurement goal is 1 ppmv precision for total column COz

mixing ratio.

Obviously the extremely high precision requirement, better

than 1%, is the main driver in developing a measurement

strategy and instrument approach. We have designed a

candidate system with a clear pathway to space that should

meet the requirements. The analysis is shown below. We

have assembled a laboratory bench model of key components,

which we are currently testing, and we will construct a space-

scalable prototype of such an instrument system for testing

and deployment on an aircraft. The objective of this
instrument is to demonstrate that the detection technique will

perform as predicted in the real atmosphere and that it will be
able to achieve the required performance in a system that is

robust, inexpensive, and easily deployable for regular COz

space measurement.

B. Measurement Approach

The mission concept is to measure the spectral absorption

of reflected sunlight by CO2 in the atmosphere. This method

is well established, similar to the Total Ozone Mapping

Spectrometer (TOMS), which achieves about the most precise
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Fig. I. Global model simulation showing CO, vuriation.s reduced by variations in the surface sources attd sinks and tr,'utsport using

assu'nilaled winds for 1999. Left Bvo panels show the net CO2 surface flux for January and July adapted from the TRANSCOM scenarzos

[ 12]. Center upper panel shows CO2 mixing ratio in d_e lower atmosphere varies subst,'mtially m response to surface flux regional

variali_,s. Model horizontal resolution is 2x.2.5 ° with 70 levels in Ihe vertical flu'ough the stratosphere. Existing surface CO, monitoring sites

;tre also shown. Most oflhese sites take s,'unpies approximately weekly. Center lower panel shows that variations in total CO_ column

concentration ,are dominated by variation in terrain height and surface pressure. Right panels show colutrm average CO2 mixing ralios for

two ex,'nnple days of the simulation.

and accurate cun'ent global measurement of atmospheric

constituent abundances. The near-nadir viewing approach

stands the best chance of detecting COz variability near the

surface in the presence of clouds, and using the sun as a light

source enables high signal-to-noise detection of spectral
absorption.

Model simulations (Fig. 1) show that variations in terrain

height and surlhce pressure create gradients in CO2 colunm

concentration comparable to or larger than those induced by
surface flux variations. Optically thick clouds introduce

variability by changing the effective height of the reflective

surlhce. The effect of aerosol scattering will also be

significant in some conditions. Hence a measure of the total

atmospheric path, over which the CO., absorption takes place,
is required. High-resolution spectral measurement of Oz

absorption has been shown to permit derivation of surlhce

pressure and cloud height with high precision (better than

1%) [13, 14, 15, 16]. Thus the CO2 instrument system is

designed to include co-aligned spectrometric measurements of

both CO., and 02 absorption. Our high-level data product will

be dry air column average COz mixing ratio.

Variations in surlhce and cloud reflectance at COz

wavelengths are relatively large, so a small sample footprint
is desired to reduce this source of variance as well as to

maximize cloud-free samples• On the other hand, a sufficient

amount of light at the instrument is needed lbr high signal-

to-noise detection. We have chosen a 10-km sample for a
space instrument so as to resolve surface t_aatres on the scale

of urban, forest, or agricultural areas, as well as attain global

coverage over several days. The aircraft version is scaled

accordingly.

Note that the ocean surlhce is relatively dark (albedo ~0.03

versus -0.3 over land surlhces) at CO2 wavelengths so the

reflected signal would be more difficult to detect. However

the instrument sensitivity, as outlined below, should be

sufficient to detect COz with high signal-to-noise even over
ocean.

1I. INSTRUMENT TECHNOLOGY

The proposed instrument operates by measuring solar flux

reflected off the surl_ace of the Earth in 2 channels. The first

channel covers a relatively broad spectral range which



includesanumber(-10)of CO`,spectralfeaturesbut for
whichtheCO,,absorptionrepresentsonlyasmalltractionof
thetotalreflectedlight.ThesecondchannelemploysaFabry-
Perotinterferometerto restrictthedetectedlightto include
onlythoseregionswhereCO,,absorptionis significant.A
smallchangein the CO2columnthenproducesan
insignificantchangein thesignalobtainedfromchannel1
butarelativelylargechangein thesignalfromchannel2.
Factorsinfluencingthesignalstrengthotherthanchanging
CO,,column,suchaschangingEarthalbedoortheshadowof
acloud,affectbothchannelsproportionatelysothattheratio
ofchannel2signaltochannel1signalisquitesensitiveto a
changein theCO:columnbut relativelyinsensitiveto
changesinotherparameters.

A. CO., and 0, Spectroscopy

We have chosen to design our instrument to operate on the

CO`, absorption band near 1.58 _tm because the solar flux is

relatively high here and because detectors are more efficient in

this band. Fig. 2 shows a spectrum of CO: in this region at a

temperature of 250 K.
As noted in section I, it is necessary to normalize the COz

column density by the total column density of the

atmosphere. Measurements of the Oz column with a

precision of better than 0.1% have been made using a grating

spectrometer operating from an aircraft platform [17]. We

have chosen to operate the 02 channel of the instrument in

the O,, A-band located near 0.76 _tm to avoid problems with

airglow interl_rence that could arise for space-based

observations. Our system will ultimately require a minin-mm

of three Fabry-Perot channels because Oz must be measured at

two different wavelengths in the A-band to account for

temperature and pressure variations.

B. Operation of a Fabry-Perot lnterferometer

A Fabry-Perot interferometer is constructed of two very

flat, partially reflecting mirrors held parallel to one another at
a fixed distance. Interference occurs among the multiple
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Fig. 2. "['he30012-OOI l-,and of CO2. This region is. nearly flee of

in|erli_rCnce from oilier species ,and has suitable absorption cro_

seclions lbr measuring CO., colulrm.

reflections leading to the condition that wavelengths that

exactly divide the spacing between the mirrors by an integer

are transmitted very efficiently and all other wavelengths are

reflected. Thus if the plates are held fixed at a separation of

10 gm, then radiation at 10, 5, 3.333, ... lain will be
transmitted. Note that these wavelengths are equally spaced

in energy according to the relationship E=hc/l, where l is the

wavelength of the light and h and c are Planck's constant and

the speed of light, respectively. Our proposed technique
makes use of these multiple passbands to increase the

measurement signal and the resulting signal to noise ratio.

A Fabry-Perot can be tuned to transmit different

wavelengths by changing the (optical) spacing between the

mirrors. This is commonly done by employing piezo-electfic

transducers to translate the mirrors by very small distances,

while maintaining the very precise parallelism between them.

Fixed gap Fabry-Perots can be tuned by tilting, which

changes the effective path length between the plates; by using

the thermal expansion and contraction of the spacers between

the mirrors: and by changing the composition or pressure of

the gas that fills the space between the plates, which alters
the index of refraction thereby changing the optical

separation. Finally, Fabry-Perots can be constructed using a
solid substrate of fused silica or optical quality glass onto

which reflective coatings are deposited. These devices can be

angle tuned or temperature tuned. As pad of this

investigation we will examine various tuning methods anti

select the optimum l\_r our application. A schematic of a

measttrement module is given in Fig. 3.

The quantum mechanical rules that govern the permilted

energies for absorption and emission of light via rotational
transitions within a molecule frequently give rise to spectral

lines separated by nearly constant energy. Near t.58 lam the

spacing between COz lines is quite regular for a span of

several lines (Fig. 2). We will exploit this feature by aligning

the passbands of a Fabry-Perot with multiple CO-. spectral

lines. Fig. 4 illustrates our method. Ten passbands of a

Fabry-Perot with an optical spacing of 0.26023 cm 4 and a
reflective l-messe of 30 are shown as well as ten absorption

lines of CO2 in the P branch of the 1.58 _lnl spectral region.

Because the passbands are nearly the same width and location

as the molecular lines, COz absorbs more than 10% of the

total light transmitted through the etalon in this example.

Use of multiple lines provides much higher signal than
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Fig. 3. Schematic ilhtstration of light path Ilu'ough the CO2 instnm'_ent

sysletn. The Oz syslems ;u'e conccplually idenlical.



techniques using a single line. Our proposed instrument will

not need a telescope because of the large signal return. A

prefilter with a bandpass on the order of 2 rim will isolate the

Fabry-Perot from photons outside the spectral region of

interest (Fig. 4). Such multilayer dielectric filters are readily

available.

III. PERFORMANCE SIMULATIONS

The ability to detect changes at the level of 1 ppmv in the

total column with an average mixing ratio of 37(1 ppmv

requires measurement precision of better than 370:1. In this

section we present some simulations of Fabry-Perot

pertbrn_nce to indicate how an actual measurement will be

accomplished.

A. Precision

In the tbltowing calculation we assume a 5-cm diameter

Fabry-Perot in a low Earth orbit at an altitude of 500 kin. We

assume the free spectral range of the Fabry-Perot filter is 1.6

cm "_, which is roughly the separation of the COz lines in this

region. A finesse of 10 is chosen to give a bandpass of O. 16

cm _, which is similar to the width of the CO: lines.

The solar flux near 1.58 lain is approximately 250 W m z

jam -_, which is equivalent to 0.0625 W m'2/cm t. The field of
view is limited to -0.02 radians by the requirement that the

angular spread incident upon the Fabry-Perot be minimized

so that angle tuning does not shift the absorption lines. From

an altitude of 500 kin, the area on the Earth's surface viewed

by the instrument corresponds to a circle 10 km in
7 2

diameter--an ,area of about 7.8x10 m . The total Ilux from

the sun striking this circle that is within the passband of the

prefilter (FWt-IM = 15 cm _) is 0.0625 x 7.8x107 x 15 =

7.3x107 W, which equals 5.85x10 z° photons sl at 1.25x10 -_9

J photon _. This is the amount of light potentially available
to the OFF line channel. The ON line channel has about 8

passbands each 0.16 cm -t wide giving a total spectral width
of about 1.3 cm t. Thus the ON line channel (in the absence
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Fig. 4. Multiple pas.sbands ot'a Fabry-Perot (blue) are shown with CO,

absorplion lines (gray) near 1.58 gin. A lyptcal prefiller shal_ is

shown m red.

of any absorption) has available about one twelfth as much

light as the OFF line channel.
The Earth albedo at this wavelength varies between 2-3%

for the ocean to more than 30% for certain types of snow. For

the purpose of this simulation we use a reflectance of 10%
and assume that the scattering from the surl5ce is Lambertian

(i.e., the scattered photons are evenly distributed over a

hemisphere). The surface area of this hemisphere by the time

the scattered light reaches the spacecraft altitude of 500 km is
1.57 x 10 m. The entrance aperture of the instrument has

an area of 0.002 m: so the traction of the scattered photons

collected is 0.002/l.57x10 'z = 1-25x10-_5.

For a prefilter with a transmission of 60% and an InGaAs
PMT detector with a quantum efficiency of 3%, the OFF line

-I

channel will have a signal on the order of 1.4xl 09 counts s .

With no absor,,ption, the ON line channel would detect
o -1

roughly 1.2xl 0 counts s .
As noted above the column abundance of CO,, is ~6.5x 10 "-t

molecules cm z and the cross sections in the 1.58 gm region

are on the order of 10":. For 2 passes through the atmosphere

(noon sun condition) this give transmission of about 25%.

However, when a realistic Fabry-Perot bandpass function is

convolved with a theoretical CO,- spectrum, transmission

increases to ~80-90% depending on which lines are selected

and the alignment of the spectral features with the passbands
of the filter. The absorption signal produced by the CO,.

cohirnn theretbre corresponds to a 10% change in the ON line
7 -1

channel, or roughly 1.2xl0 counts s . The uncertainty in the
count of the ON line channel is the square root of the count,

,g 1/2

or (0.9 x 1.2xlO ) , which is less than 11000. The signal to

noise ratio (SNR) tbr the absorption is then on the order of

1.2x 107/11000 i.e., a precision of 1100:1 in one second. In

practice the actual deten-nination of the CO: absorption will
involve the ratio of the ON line count to the OFF line count,

but the OFF line count is so large that it contributes only

slightly to the overall noise. These calculations demonstrate
that a measurement of the CO2 colunm with a precision of 1

ppmv is well within the capability of the proposed

instrument.

The above analysis is for nadir viewing at noon under clear

sky conditions. At higher zenith angles the flux is reduced

but the absorption signal increases with the longer path

length. Radiative transfer simulations indicate that, in the
absence of clouds, we will have good sensitivity for solar

zenith angles as high as 80 ° .

B. Ten,perature Dependence

To minimize the instrument sensitivity to temperature

change we will select a bandpass such that some COz lines

increase in strength and some decrease in strength with

temperature. Although it should be possible to use analyzed

temperature data to account for temperature variation, it is

preferable to make the correction using data obtained from the
instrument itself. The absorption coefficients for some of the

lines in the Oz A-band have large sensitivity to temperature

and should perrmt a very precise determination of the average

column temperature. Figs. 5 and 6 show sensitivity curves



forthecolumntemperatureandpressurefor Fabry-Perot
measurementsofselectedfeaturesin theO:A-band.Thex-
axisistheON/OFFratioforachannelmeasuringabsorption
froman02linewithstrongtemperaturedependence.They-
axisistheON/OFFratioforachannelmeasuringthewings
of anumberof 02linesarisingfromlowerlyingenergy
levels.Someof theselinesincreasein strengthwith
temperatureandsomedecreasewith temperature.This
channelthenexhibitsa muchstrongerrelativeresponseto
changesinthetotalnumberofOzmolecules.Thetemperature
and02column(surfacepressure)arederivedbyconsidering
thesechannelstogether.

iV.AIRBORNESIMULATORDEVELOPMENT

Wewill developan instrumentemployingthreeFabry-
Perotinterferometers----oneforCO2measurementandtwotbr
Ozmeasurements.TheOzmeasurementswillbeusedtoinfer
surfacepressureandcolumnaveragetemperature.Thethree
subsystemsarebeingprototypedonthelaboratorybenchto
optinaizeFabry-Perotcharacteristics,prefilterparameters,and
detectortypes. Thesystemshavebeenpackagedfor
operationoutsidethe lab andgroundbasedtestsare
underway.Thedesignswill bemodifiedbasedon the
groundtestresultsandtheinstrumentswill bemodifiedas
appropriatetbrtestingonanaircraftplatform.Flighttesting
will includeintercomparisonwithin situCO2sensorsand
experimentsto determineinstrumentalperlbrmanceover
varyingsurthcetypesincludingoceanandundervarious
meteorologicalconditionsincludingsevereaerosolloading•

Theretrievalalgorithmwill utilizea "look-up-table"
generatedbyrunningaradiativetransfermodel/'or a large

number of pressure, temperature and CO,- profiles that include

a variety of aerosol and cloud scenarios. This strategy is
similar to that used to infer 03 column amounts from

radiances measured by the TOMS instrurnent [18]. A
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relatively sophisticated retrieval algoritlwn will be needed to

account for the effects of clouds and aerosols.

After the initial test flights, we would propose to fly this

instrument on field campaigns designed to study surlace

sources and sinks of CO: (e.g., a North Aanerican carbon

budget experiment). An instrument capable of measuring the
column CO: amount below the airpkme would be a valuable

addition to in situ measurements.

The instrument could also be deployed tbr ground-based

sampling at a location where CO,- profiles are obtained

routinely from flask samples as part of the NOAA/CMDI,

cooperative air sampling network or at a sile where up-

looking spectrometers could provide additional data in the

wavelength regions of interest. One of the major challenges

for eventual space-based measurements of COz will be to
relate the column amounts to surface data. Augmentation of

the current network with inexpensive, durable, up-looking

column CO2 sensors would provide a natural link, regardless

of the type of sensor flown in space.

A. Pathway to Space

The instrument technology we plan to develop has a clear

pathway to space and realistic potential to become a robust,

low-cost systematic space measurement. The principal

hardware challenge is achieving sufficient spectral control and

stability of the Fabry-Perots to meet the required precision

levels. While Fabry-Perots have already flown successfully in

space, we are hoping to achieve an implementation with

minimum complexity--no moving parts, no cryogens, a
minimum of control interfaces--and unprecedented precision.

The ah-craft system optics will have a volume of about

0.05 m s and weigh about 7 kg. The electronics will be

standard laboratory rack mounted equipment and will take up
about one fourth of a lull height rack. The space borue

system will be smaller and lighter. A total weight on the

order of 4-5 kg should be possible including both optics and

electronics. The estimated cost for a space syslem of Itfis size

is Sg-10M. There are no moving parts in the baseline design.



Potentially the most significant challenge for measuring
CO2 from space is development of data analysis procedures to
deal with cloud cover and aerosol conditions. In truly clear
air the analysis is a relatively straightforward application of
differential optical absorption techniques [18]. The footprint
of the instrument is small in order to maximize the chance of

simple cases, but most of the globe is covered by cloud and
aerosol. The extent of the useful data will depend on ot_
ability to treat cloud and aerosol scattering. Addressing this
issue is one of the principal goals of the aircraft campaign.

V. SUMMARY

Global atmospheric CO2 measurements are a very high
priority; no other single measurement has similar potential to
revolutionize our understanding of climate forcing and
response. The science and technical requirements for CO2
remote sensing are very stringent, requiring greater precision
than any current satellite constituent measurement. We
propose to develop a robust, inexpensive, compact and
lightweight instrument system based on a unique application
ofa Fabry-Perot interferometer capable of measuring column
CO2 with a precision of 1 ppmv. We will design, build, test,
and deploy an aircraft simulator to demonstrate that the
instrument can perform to specifications in the real
atmosphere. Once proven, this instrument technique will
enable routine high-precision measurements of atmospheric
CO: from space.
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Department under the ITAR. A complete listing of items covered by the ITAR can be accessed at http://,_sfc-bluenun.gsfc.nasa.

eov/export/re_sitar.htm. The export of information with respect to ground based sensors, detectors, high-speed computers, and national security and

missile technology items are controlled by the U.S. Commerce Department under the EAR. If the information intended for release falls within the

above categories but otherwise fits into one or more of the following exemptions, the information may be released.

EXEMPTION I

If yo_ _formati0n is already in the public domain in it's entirety through a non-NASA medium and/or through NASA release previously approved

by the Export Control Office, the information is exempt from further review. If the information falls into this category, you may attest that you are

using this exemption by signing below.

Signature Date

EXEMPTION II

If your information pertains exclusively to the release of scientific data, i.e. data pertaining to studies of clouds, soil, vegetation, oceans, and planets,
without the disclosure of information pertaining to articles controlled by the ITAR or EAR, such as flight instruments, high speed computers, or

launch vehicles, the information is exempt from further review. If the information falls into this category', you may attest that you are using this

exemption by signing below.

Signature Date

EXEMPTION III

If your information falls into the areas of concern as referenced above, but is offered at a general purpose or high level, i.e. poster briefs and

overviews, where no specific information pertaining to ITAR or EAR controlled items is offered, the information is exempt from further review. If

the information falls into this category, you may attest that you are using this exemption by signing below.

Signature Date

EXEMPTION IV

If your information is not satisfied by the 3 exemptions stated above_ _e information may_ released usin_ exem_n i25.4(b)(13)of the IT_I

Use of this exemption is afforded Only to agencies of the Federal G0_e_ent and allows the release o£ IT_ C0ntr01l_d information into the public

domain: But the GSFC Export Control Office has determined that use of this exemption will be allowed only after we receive assurance that such

release is a responsible action. To this end, an internal guideline has been established pursuant to the use of this exemption: That the information

does not offer specific insight into design, design methodology, or design processes of an identified ITAR controlled item in sufficient detail (by

itself or in conjunction with other publications) to allow a potential adversary to replicate, exploit and/or defeat controlled U.S. technologies. All

signatures of approval on NASA Form 1676 expressly indicate concurrence with the responsible use of Exemption IV when Exemption IV has been

cited by the author. If you determine that you have met this criteria, you may attest your determination by signing below, and the GSFC Export
Control Office will offer favorable consideration toward approving your presentation/publication request under this special exemption.

Signature Date

If you do not satisfy the above exemptions, please contact the GSFC Export Control Office for further clarification on the releasability of your

information under the ITAR or EAR.

I/8/1999


